The structure of the gene for protein C, an anticoagulant serine protease, was analyzed in 29 unrelated patients with hereditary thrombophilia and protein C deficiency. Gene deletion(s) or gross rearrangement(s) was not demonstrable by Southern blot hybridization to cDNA probes. However, two unrelated patients showed a variant restriction pattern after Pvu U or BamHI digestion, due to mutations in the last exon: analysis of their pedigrees, including three or seven heterozygotes, respectively, with -50% reduction of both enzymatic and antigen level, showed the abnormal restriction pattern in all heterozygous individuals, but not in normal relatives. Cloning of protein C gene and sequencing of the last exon allowed us to identify a nonsense and a missense mutation, respectively. In the first case, codon 306 (CGA, arginine) is mutated to an inframe stop codon, thus generating a new Pvu II recognition site. In the second case, a missense mutation in the BamHI palindrome (GGATCC --GCATCC) leads to substitution of a key amino acid (a tryptophan to cysteine substitution at position 402), invariantly conserved in eukaryotic serine proteases. These point mutations may explain the protein C-deficiency phenotype of heterozygotes in the two pedigrees.
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Hereditary thrombophilia, an autosomal dominant disease with a prevalence of 1 in 7500, is characterized by recurrent venous thrombosis in heterozygotes and neonatal purpura fulminans in homozygotes, due to a deficiency of any of three antithrombotic proteins, i.e., antithrombin III (1), protein S (2), or protein C (3) . Protein C is a precursor of a plasma serine protease (4) (5) (6) , exerting its anticoagulant activity through inactivation of factors Va and VIIIa, as well as stimulation of fibrinolysis (3) . Its cDNA (7) (8) (9) and gene (10, 11) have been cloned and sequenced, and the gene has been mapped on chromosome 2 (12) . Two major groups of hereditary protein C deficiency have been described (13) : type I shows an equivalent reduction ofboth enzymatic activity and antigen concentration, and type II shows a decrease of the former parameter only. Our studies focused on 50 normal subjects and 29 protein C-deficient subjects who had a variety of phenotypic abnormalities. In two families with protein C deficiency of type I, all of the heterozygotes had (i) a nonsense mutation, causing premature termination ofprotein C synthesis, or (ii) a missense mutation, leading to the substitution of a key tryptophan with cysteine at residue 402. Normal subjects expressed neither of these mutations. (15) , and finally hybridized in 50% (vol/vol) formamide at 42°C overnight to 2 x 107 cpm of protein C cDNA probe (7, 8) . The probe was 32P-labeled by nicktranslation to a specific activity of 3-7 x 108 dpm/,g. Filters were washed under stringent conditions (final wash: 15 mM NaCl/1.5 mM trisodium citrate/0.1% NaDodSO4, pH 7 at 65°C) and exposed at -70°C to Kodak S0-282 x-ray films in X-omatic intensifying screen cassette.
MATERIALS AND METHODS
DNA Cloning and Sequencing. Genomic DNA from patient S.V. was partially digested with Mbo I restriction endonuclease and inserted into the BamHI site of the XEMBL3 vector (16), according to standard procedures (17) . Plaques were screened with protein C cDNA probe (7), and positive recombinant clones were characterized by restriction endonuclease mapping. An '1-kilobase (kb) Sac I fragment containing the last part of exon 9 was subcloned in M13mpl9 (18) and sequenced by dideoxy chain-termination (19) .
Genomic DNA from patient M.L. was digested to completion with BamHI. The 9.5-kb DNA region was gel-isolated and inserted into the BamHI site of XEMBL3 (16) . Plaques (5 x 104 plaques) were screened with the cDNA probe (7), and several clones containing the DNA segment encoding protein C were isolated. A 411-base-pair Pst I-Sac I segment from exon 9 was subcloned into M13mpl8 (18) and sequenced (19 (Fig. 1A, lane 1) consists of a single 7-kb fragment (cf. ref. 10 and Fig. 2) . In patient S.V. (Fig. 1A, lane 2) Fig. 2 ). Patient M.L. shows an additional 9.6-kb band (Fig. 1C, lane 2) , thus indicating loss of the BamHI restriction site in the last exon (10) .
Further analysis was carried out on the pedigrees of the first and second patient. All three and seven heterozygotes in pedigrees S.V. (20) and M.L. (21), respectively, showed the variant fragment(s) described above. Conversely, the restriction pattern of all unaffected members in these two families was equivalent to that in the other 27 pedigrees, as well as in 50 normal individuals (data not shown).
Sequence Analysis. To assess whether the variant patterns may reflect mutations resulting in protein C deficiency, we have isolated and sequenced exon 9 of the protein C gene encompassing these mutations. The DNA sequence of patient S.V. shows that codon 306 (CGA, arginine) is mutated into an inframe stop codon (TGA), thus generating a new Pvu II recognition site (Fig. 3A) . The DNA sequence from patient M.L. shows a single transversion in the BamHI palindrome (GGATCC --GCATCC), thereby causing tryptophan to cysteine substitution at position 402 (Fig. 3B) .
DISCUSSION
Protein C deficiency represents a major cause of thrombotic disease (3, (20) (21) (22) (23) (24) through the malfunction of an antithrombotic regulatory system including protein C, protein S, and an endothelial cell cofactor, thrombomodulin (24) . However, the molecular basis of protein C deficiency is still almost completely unknown. Our study focused on 29 unrelated patients with deficiency of this factor, leading to a variety of phenotypic abnormalities: two patients with protein C deficiency of type I had a variant restriction pattern after Pvu II or BamHI digestion. Sequencing of the last exon of the protein C gene from these subjects allowed us to identify two different point mutations: in the first case codon 306 (CGA, arginine) is mutated into a stop codon (TGA), while in the second case a missense mutation causes substitution of tryptophan (TGG) with a cysteine (TGC) codon at amino acid position 402 (Fig. 3B) .
Since we have not sequenced the whole protein C gene from these patients, it cannot be excluded that other mutations might be present in other parts of the gene. However, the point mutations reported here seem sufficient to explain the clinical phenotype. Thus, the two variant restriction patterns are 100% correlated with protein C deficiency in both pedigrees, but are absent in all other normal or affected subjects. Furthermore, the 50% reduction of protein C level documented in these heterozygotes may be easily attributed to the nonsense mutation in the pedigree of patient S.V. but also presumably to the missense mutation in the pedigree of patient M.L. Tryptophan-402 is invariantly conserved in a biochemical domain present in all eukaryotic serine proteases (25) , located in an a-helix region facing hydrophobic residues (26) . Computer simulation of the three-dimensional structure of this domain in trypsin indicated that replacing the large tryptophan aromatic ring with the small cysteine hydrophilic side-chain engenders physicochemical constraints, leading to destabilization of the tertiary structure. Alternatively or additionally, improper disulfide bonds generated by the variant cysteine residue might interfere with the correct folding of the protein, thus leading to its destabilization or inactivation.
Growing evidence indicates that coagulation disorders may derive from a heterogeneous array of molecular lesions, as shown for hemophilia A (27, 28) or B (29) (30) (31) (32) . In particular, hemophilia B is caused by deficiency of factor IX, i.e., a serine protease strictly related to protein C in terms of sequence homology and intron-exon organization, although exerting an opposite biological activity. In B hemophiliacs the factor IX gene may bear either extensive deletions (29, 30) or splicing mutations (31) or missense mutation in the propeptide region (32) . In protein C deficiency of type I the gene may be apparently silenced by yet different molecular abnormalities, i.e., either a nonsense mutation or substitution of the key tryptophan-402, invariantly conserved in eukaryotic serine proteases.
It is of interest to note that molecular studies on thalassemia syndromes (33, 34) have similarly shown that a large variety of abnormalities, affecting globin gene expression at the level of transcription, RNA processing, or translation, underlie the heterogenous array of thalassemic phenotypes.
